RAF inhibitors selectively block extracellular signal-regulated kinase (ERK) signaling in BRAF-mutant melanomas and have defined a genotype-guided approach to care for this disease. RAF inhibitors have the opposite effect in BRAF wild-type tumor cells, where they cause hyperactivation of ERK signaling. Here, we predict that RAF inhibitors can enhance T-cell activation, based on the observation that these agents paradoxically activate ERK signaling in BRAF wild-type cells. To test this hypothesis, we have evaluated the effects of the RAF inhibitor BMS908662 on T-cell activation and signaling in vitro and in vivo. We observe that T-cell activation is enhanced in a concentration-dependent manner and that this effect corresponds with increased ERK signaling, consistent with paradoxical activation of the pathway. Furthermore, we find that the combination of BMS908662 with cytotoxic T-lymphocyte antigen 4 (CTLA-4) blockade in vivo potentiates T-cell expansion, corresponding with hyperactivation of ERK signaling in T cells detectable ex vivo. Finally, this combination demonstrates superior antitumor activity, compared with either agent alone, in two transplantable tumor models. This study provides clear evidence that RAF inhibitors can modulate T-cell function by potentiating T-cell activation in vitro and in vivo. Paradoxical activation of ERK signaling in T cells offers one mechanism to explain the enhanced antitumor activity seen when RAF inhibitors are combined with CTLA-4 blockade in preclinical models. Cancer Immunol Res; 2(1); 70-79. Ó2013 AACR.
Introduction
The treatment of advanced melanoma has recently been transformed by two new therapies now incorporated in the standard of care: RAF inhibitors and checkpoint-blocking antibodies. The identification of a novel genetic mutation involved in melanoma transformation, the BRAF V600E mutation, led to the development of RAF inhibitors, including vemurafenib, dabrafenib, and BMS908662 (XL281; refs. [1] [2] [3] [4] [5] . This activating BRAF mutation leads to increased extracellular signal-regulated kinase (ERK) signaling and promotes tumor cell proliferation. RAF inhibitors block the aberrant ERK signaling in BRAF-mutant melanomas. An overall survival benefit associated with vemurafenib in BRAF-mutant metastatic melanoma led to its approval by the U.S. Food and Drug Administration (FDA) in August 2011 (3) . It is increasingly clear that anticancer therapies, including chemotherapies and targeted inhibitors, can have underappreciated, but clinically relevant, effects on the immune system (6) (7) (8) . In the clinic, any RAF inhibitor-mediated immunomodulatory activity could affect the antimelanoma immune responses and would be especially relevant in combination with prior or concomitant immunotherapies. In the present study, we have focused on characterizing the effects of the RAF inhibitor, BMS908662, on T-cell activity in vitro and in vivo.
T cells require two signals for activation: engagement of the T-cell receptor (TCR) with a cognate MHC-peptide complex and engagement of a costimulatory molecule such as CD28. These stimuli activate signal transduction cascades including phosphorylation of ERK via CRAF and/or BRAF (9) (10) (11) (12) (13) (14) . The magnitude and duration of ERK activation appear to modulate T-cell function. Overexpression of RAS or RAF can enhance T-cell activation and proliferation and conversely inhibition of RAS blocks T-cell activation (10, 15, 16) . This pathway is also important in various T-cell functions, including the differentiation of T-cell subtypes, cytokine signaling, chemotaxis, and survival (17, 18) .
Accumulating evidence supports the notion that RAF inhibitors have distinct effects on BRAF wild-type cells compared with BRAF-mutant cells. Although RAF inhibitors block ERK signaling in BRAF-mutant cells, RAF inhibitors paradoxically enhance ERK signaling in cells that are wild type for BRAF (19) (20) (21) (22) . This phenomenon is clinically manifest in the accelerated growth of squamous cell cancers and keratoakanthomas in patients treated with RAF inhibitors (23) (24) (25) . Paradoxical activation seems to be a class effect of RAF inhibitors mediating enhanced signaling of RAF dimers in the presence of drug (19) (20) (21) (22) .
The antitumor activity of the checkpoint-blocking antibody ipilimumab is entirely dependent upon T-cell activation (26) . The importance of ERK signaling in T-cell activation suggested that RAF inhibitors could alter T-cell function and consequently the activity of checkpoint-blocking antibodies. Because T cells express wild-type BRAF, we reasoned that they would be susceptible to the same RAS-dependent paradoxical ERK hyperactivation observed previously in BRAF wild-type tumor cells.
BMS908662 (XL281; Bristol-Myers Squibb/Exelixis) is a pan-RAF inhibitor with activity against mutant BRAF as well as wild-type A, B, and CRAF. It has been tested as a monotherapy and combined with ipilimumab in a first-in-human phase I study (5, 27) . To better understand the immunologic activities of RAF inhibitors and the consequences of their combination with checkpoint-blocking antibodies, we explored the effect(s) of BMS908662 alone or in combination with anti-CTL antigen-4 (anti-CTLA-4) on tumor progression and on T-cell activation in vitro and in vivo.
Materials and Methods
Cell culture and T-cell activation in vitro T cells were cultured in RPMI supplemented with 10% (v/v) FBS. BMS908662 (provided by Bristol-Myers Squibb/Exelixis) or PD325901 [synthesized at Memorial Sloan-Kettering Cancer Center (MKSCC; New York, NY)] or PLX4720 (provided by Plexxikon) was added to cultures as indicated. In the experiments involving cultured cells (Figs. 1-3 ), inhibitors were added to the cell culture media at the same time that the cells were added to the culture (concomitant with the initial stimulation). Murine CD4 þ and CD8 þ T cells were purified from C57BL/6J (Jax) splenocytes using Miltenyi MACS beads according to the manufacturer's instructions. Murine T cells were activated in vitro with antibodies against mouse CD3 (145-2C11) and CD28 (37.58), produced by the Monoclonal Antibody Core Facility at MSKCC. The human Jurkat T-cell line was purchased from American Type Culture Collection. Jurkat cells or human peripheral blood T cells were activated with antibodies specific for human CD3 (UCHT1) and CD28 (CD28.2). Cell culture plates were coated with the CD3 antibody at a concentration of 10 mg/mL and the CD28 antibody was added to media at a concentration of 0.5 mg/mL. The NY-ESO-1-specific T-cell line, developed from a patient diagnosed with stage IV melanoma, was generously provided by S. Kitano. The NY-ESO-1 T-cell line was stimulated with antigen-presenting cells (APC) pulsed with the cognate peptide NY-ESO-1 [94] [95] [96] [97] [98] [99] [100] [101] [102] (MPFATPMEA). A cultured B-cell line derived from the same patient was used as an antigen-presenting cell for stimulation of the NY-ESO-1-specific T-cell line. Expression of CD69, an early activation marker, was measured 12 to 24 hours after T-cell activation by flow cytometry using samples collected on an LSRII (BD) and analyzed using FlowJo software (TreeStar). Proliferation was evaluated 3 to 4 days after stimulation by quantifying the dilution of dye in carboxyfluorescein succinimidyl ester (CFSE)-labeled T cells or by intracellular staining for the proliferation marker Ki67. Production of IFN-g was measured by intracellular cytokine staining 4 to 6 hours after T-cell activation. Unless indicated otherwise, all antibodies were obtained from BD.
Detection of ERK signaling in T cells
Cultured Jurkat T cells were resuspended in RPMI supplemented with 0.2% (v/v) FBS on ice. Anti-CD3 antibody (OKT3) was added at a concentration of 0.5 mg/mL and incubated for 15 minutes on ice. Anti-mouse secondary antibody (Jackson ImmunoResearch) was added at a concentration of 0.1 mg/mL and incubated for 15 minutes on ice. Cells were then warmed to 37 C for the indicated period of time, ranging from 0 to 240 minutes. Cells were then fixed in 3% paraformaldehyde for 10 minutes at room temperature, centrifuged, and resuspended in ice-cold 95% methanol, and then stored at À80
C for up to 72 hours. Fixed cells were stained using antibodies specific for phosphorylated ERK (pERK) or total ERK (Cell Signaling Technology) and a secondary, allophycocyanin-conjugated antirabbit antibody (Jackson ImmunoResearch). ERK signaling was assessed in murine splenocytes after similar stimulation.
Mice
Female BALB/c mice (Harlan Laboratories) or female A/J mice (The Jackson Laboratory) 9 to 11 weeks old were used for antitumor efficacy studies. Female C57BL/6J and C57BL/6-Tg (TcraTcrb)1100Mjb/J (OT-1) mice (The Jackson Laboratory) 9 to 11 weeks old were used in the ovalbumin (OVA)-antigen challenge studies and for T-cell culture experiments. All experiments have been carried out according to the Institutional Animal Care and Use Committee (IACUC) guidelines under approved protocols at MSKCC or Bristol-Myers Squibb.
Antigen-specific T-cell expansion in vivo
Spleen cells from OT-1 mice were isolated, suspended in PBS, and injected via the tail vein into C57BL/6J mice (3 Â 10 (20 mg/kg, i.p.) were administered as described in the figure legends. Tumors were measured with calipers two-dimensionally twice weekly and tumor volume was calculated as L Â (W 2 /2), length (L) being the longer of the two measurements. Body weights were recorded biweekly. In some cases, mice died before the completion of the experiment; if a mouse was sacrificed because of a high tumor burden, it was evaluated as not protected from tumor challenge. If the mouse died for other reasons, the mouse was censored from the experiment and was counted as unevaluable.
Immunoblotting
Cell lysates were prepared and immunoblotting was performed as previously described using antibodies specific for pERK or total ERK (Cell Signaling Technology).
Results

BMS908662 potentiates T-cell activation in vitro
To test the immunomodulatory activity of BMS908662, we evaluated its effects on the activation of cultured human and (Fig. 1C) . Likewise, the proliferation of activated CD4 þ and CD8 þ T cells could be enhanced by the addition of BMS908662. This effect was evident when T-cell proliferation was measured directly by quantifying the dilution of CFSE in cultured T cells (Fig. 1D ) or indirectly by staining for the proliferation marker Ki67 (data not shown). In the dose range of 20 nmol/L to 2 mmol/L, T-cell proliferation was increased by up to 25% in CD4 þ T cells and up to 53% in
Next, we investigated the effect of BMS908662 on purified murine CD4 þ or CD8 þ T cells activated in vitro with a combination of anti-CD3 and anti-CD28 antibodies. Proliferation of both CD4 þ and CD8 þ T cells could be enhanced by BMS908662
in a dose-dependent fashion (Supplementary Fig. S3A and S3B). For CD8 þ T cells, at a concentration of 0.5 mmol/L, BMS908662 increased the percentage of cells that proliferated, as measured by dilution of CFSE, from 31% to 58% (P < 0.01). At concentrations above 2 mmol/L, proliferation was attenuated. For CD4 þ T cells, the drug seemed to potentiate proliferation over a wider range, perhaps reflecting a heterogeneous response within a diverse population of CD4 þ T cells. Again, concentrations of BMS908662 above 2 mmol/L inhibited T-cell proliferation. Likewise, we evaluated upregulation of CD69, an early activation marker, to assess T-cell activation in the presence of BMS908662. CD4 þ T cells stimulated in the presence of BMS908662 demonstrated an increase in CD69 expression at a concentration of 0.2 mmol/L, whereas concentrations above 2 mmol/L seemed to block upregulation of CD69 (Supplementary Fig. S3C ). For murine CD8 þ T cells, increased CD69 expression was not observed under these conditions, but inhibition was seen with higher concentrations of the drug.
To test T-cell activation under more physiologic stimuli, we evaluated the effect of BMS908662 on antigen-specific T cells stimulated with MHC-peptide complexes. We made use of a human CD4
þ T-cell line with specificity for a peptide (amino acid 94-102) within the cancer-testis antigen NY-ESO-1. T cells were stimulated with cognate peptide-pulsed (MPFATPMEA) antigen-presenting cells in the presence or absence of titrated concentrations of BMS908662. The production of IFN-g by T cells was quantified by intracellular cytokine staining and flow-cytometric analysis. For these tumor antigen-specific T cells, cytokine production after antigen-specific activation was enhanced in the presence of BMS908662, with a 35% increase in cytokine staining at a concentration of 0.2 mmol/L compared with cells treated with a vehicle control (P 0.05; Fig. 2 ). As previously noted, higher concentrations of BMS908662 had the opposite effect and inhibited cytokine production.
BMS908662 potentiates ERK signaling in human T cells in vitro
After observing a pattern of dose-dependent potentiation of T-cell activation in cultured cells, we hypothesized that paradoxical activation of ERK signaling could explain this phenomenon. To directly evaluate ERK signaling in T cells treated with BMS908662, levels of pERK and total ERK were measured in activated Jurkat cells using a flow cytometrybased approach. Jurkat cells activated with cross-linked anti-CD3 antibody have a robust increase in pERK within 
A CD4
þ NY-ESO-1-specific human T-cell line was activated in vitro with NY-ESO-1 peptide-pulsed APCs. The production of IFN-g was quantified by intracellular cytokine staining followed by flow-cytometric analysis. Cells were treated in triplicate and the median fluorescence intensity (MFI) for IFN-g staining within the CD8 þ population is plotted.
minutes of stimulation. This pulse of signaling is transient, and pERK levels return to baseline levels within approximately 1 hour. We tested the effect of BMS908662 on the pattern of T-cell signaling, evaluating Jurkat cells treated with inhibitor at concentrations between 20 pmol/L and 20 mmol/L. Over this wide range of concentrations, two patterns emerge; for clarity, these data are presented in two separate graphs reflecting a single experiment. First, at higher concentrations of inhibitor (0.2-20 mmol/L), ERK activation is clearly attenuated with a diminished peak of pERK and a rapid return to baseline levels; at the highest concentration (20 mmol/L), ERK activation is nearly abrogated (Fig. 3A) . In contrast, at lower concentrations of drug (0.2 mmol/L and below), the pattern of ERK activation begins to change. In this range, there is a sustained elevation of pERK after initial activation (Fig. 3B) . The effect of BMS908662 on T-cell activation is most apparent at time points 10 to 60 minutes after activation. Evaluating a single time point, 15 minutes after activation, the concentrationdependent effect of the drug on ERK signaling is apparent (Fig. 3C ). When compared with cells treated with vehicle control, cells treated with 0.2 nmol/L to 0.5 mmol/L BMS908662 have higher sustained pERK levels, whereas levels of total ERK are comparable across the titrations of BMS908662; in cells exposed to 20 nmol/L BMS908662, pERK levels are twice as high as the vehicle control-treated cells 15 minutes after activation ( Fig. 3C and D) . In contrast, at concentrations between 2 and 20 mmol/L, BMS908662-treated cells have lower levels of pERK than the vehicle-treated controls. Finally, hyperactivation of ERK signaling mediated by BMS908662 may be entirely reversed by the addition of a MEK inhibitor, PD325901 (Fig. 3E) including the duration of stimulation or the endpoints tested.
BMS908662 enhances antigen-specific T-cell expansion in vivo, alone, or in combination with CTLA-4 blockade The observation that BMS908662 alters T-cell activation in vitro prompted us to question how BMS908662 would affect T-cell function in vivo, at doses typically used to generate antitumor activity. To further explore this possibility, we tested T-cell activation in a mouse model of antigen-specific T-cell expansion. C57BL/6 recipients of OT-I transgenic T cells were immunized with the OVA 257-264 peptide (SIINFEKL) followed by systemic treatment with BMS908662, CTLA-4 blockade, or a combination of both (Fig. 4A) . After 5 days, the expansion of OT-I T cells was measured in whole blood as a proportion of tetramer þ cells compared with CD3 þ cells. In mice treated with BMS908662 alone, the RAF inhibitor had a dose-dependent effect, maximally enhancing expansion of the antigenspecific T cells at the higher dose of 100 mg/kg (9.8-fold). CTLA-4 blockade also enhanced expansion of the OVA-specific T cells (3.9-fold). However, the combination of both agents has the most robust effect on T-cell expansion. The combination of CTLA-4 blockade and BMS908662 at a dose of 100 mg/kg increased antigen-specific T-cell expansion 24.1-fold. In agreement with the experiments performed on cultured T cells ( Fig. 1 ), systemic treatment with BMS908662 enhances T-cell expansion. Furthermore, in this setting, the combination of BMS908662 and CTLA-4 blockade has clearly superior activity expanding antigen-specific CD8 þ T cells.
Systemic treatment with BMS908662 enhances potential for T-cell activation
We speculated that the paradoxical activation of the ERK pathway in T cells observed in vitro (Fig. 3) would correspond with the enhanced proliferation of T cells observed in vivo (Fig.  4A) . To test whether these doses of BMS908662 administered systemically would have a positive effect on ERK signaling, we treated mice with BMS908662 at doses of 100 or 30 mg/kg or with a vehicle control. After 5 days of treatment, splenocytes were harvested as a source of T cells and were activated directly ex vivo. Fifteen minutes after activation, splenocytes were fixed and stained for pERK or ERK along with surface markers for CD4 þ and CD8 þ T cells ( Fig. 4B and C) . BMS908662 admin- (31, 32) . These tumors do not harbor known activating RAF mutations and are relatively insensitive to RAF inhibition as a monotherapy. First, we chose a treatment schedule where CTLA-4 blockade has partial activity, initiating treatment 4 days after implantation of CT-26 tumor (Fig. 5A ). Mice were treated with a vehicle control, CTLA-4 blockade alone, BMS908662 alone, or the concomitant combination of both agents. Mice treated with CTLA-4 blockade as monotherapy had clear evidence of antitumor activity; however only 20% (2 of 8) of the mice rejected the implanted tumor. The BMS908662 as monotherapy showed minimal activity with none of the mice achieving tumor regression. In the combination, surprisingly, the treatment conferred complete tumor rejection in 85.7% (6 of 7) of the mice. This finding suggested that the addition of BMS908662 could improve the antitumor activity of CTLA-4 blockade. To test this further, we altered the schedule of treatment to delay the initiation of CTLA-4 blockade until 11 days after transplantation, diminishing the activity of CTLA-4 as a monotherapy (Fig. 5B) . In this setting, 10% (1 of 10) of the mice treated with CTLA-4 blockade alone rejected the transplanted tumor. Again, mice treated with BMS908662 alone had minimal antitumor activity (1 of 8 mice rejected tumor). In contrast, the combination of both drugs together controlled tumor growth in 62.5% (5 of 8) of the mice, underscoring the potential of BMS908662 to enhance the antitumor activity of CTLA-4 blockade in which monotherapy is suboptimal. Similar results were observed in two independent experiments. Finally, we tested the activity of this combination for treatment of the SA1N fibrosarcoma (Fig. 5C) . Here, we delayed initiation of CTLA-4 blockade until day 18, a time when CTLA-4 blockade had minimal activity as monotherapy in this tumor model. As with the CT-26 tumor line, SA1N was largely insensitive to BMS908662 as monotherapy, with only 12.5% (1 of 8) of the mice showing tumor regression. However, the combination of both agents showed robust activity, rendering 50% (4 of 8) of the mice tumor free. For the SA1N tumor, the combination of these two drugs demonstrated synergy, as calculated using the EOHSA (excess over highest single agent) method (P < 0.05; ref. 33) . The superiority of the combination therapy, synergistic for the SA1N tumor, was unexpected, given the low level of direct antitumor activity for BMS908662 alone in these models. These data support a model in which BMS908662 acts outside of the tumor to potentiate T-cell activation and thus enhances the activity of CTLA-4 blockade.
Discussion
These studies were initiated to better understand the immunomodulatory properties of RAF inhibitors. Most studies to date have supported the general view that these agents are unlikely to impair the immune system (30, 34, 35) . Several studies have provided evidence that RAF inhibitors may enhance immune activation. Boni and colleagues found that the selective RAF inhibitor PLX4720 increased the expression of several melanocytic differentiation antigens in vitro and consequently enhanced the activation of antigen-specific T cells in vitro (29) . Wilmott and colleagues observed that patients with melanoma treated systemically with vemurafenib or dabrafenib had an increase in intratumoral CD8 þ T-cell infiltration (36), a finding also observed by Frederick and colleagues, who described changes in immune cytokines and T-cell activation markers in the tumor microenvironment of BRAF-treated patients (37) . Vemurafenib-mediated changes in tumor cytokine production were described by Khalili and colleagues and were linked to a reduction in T-cell suppression A B C Figure 5 . The combination of BMS908662 and CTLA-4 blockade demonstrates synergistic antitumor activity. The syngeneic murine transplantable tumors CT-26 colon carcinoma (A and B) or SA1N fibrosarcoma (C) were used to test the antitumor activity of BMS908662, CTLA-4 blockade, or a combination of both as compared with vehicle control-treated mice. For each experiment, 7 to 10 mice were treated in each experimental group. The sequencing of treatment is indicated for each experiment. Under all conditions tested, combination therapy was superior to monotherapy. For the CT-26 tumor, this effect was additive. For the SA1N tumor, which is insensitive to either monotherapy under these conditions, the combination demonstrates synergy (P < 0.05).
by tumor-associated fibroblasts (38) . Finally, modulation of MAPK pathway signaling seems to be linked to tumor expression of the T-cell inhibitory molecule, PD-L1 (39) . These studies have focused primarily on RAF inhibitor-mediated changes in targeted BRAF-mutant tumor cells that may have immunologically relevant downstream effects on stromal and immune cells in the tumor microenvironment (29, 38, 39) . In addition, a recently reported study by Koya and colleagues found evidence of enhanced T-cell antitumor activity for adoptively transferred T cells in the presence of vemurafenib and the authors reported increased IFN-g expression in antigen-specific T cells in the presence of vemurafenib (40) . In contrast, only one group has reported that PLX4720 can have a negative effect on antitumor immune responses (41) . Recent studies have elucidated the effects that selective RAF inhibitors have on cells that do not harbor the BRAF V600E mutation. In cells that are wild-type for BRAF, these inhibitors may paradoxically activate ERK signaling via transactivation of RAF dimers (9) (10) (11) (12) . This paradoxical activation depends upon signaling upstream of RAF, as in the case of hyperactivating RAS mutations. This seems to be a class effect of ATP-competitive RAF inhibitors. This phenomenon has been suggested as an explanation for the emergence of squamous cell carcinomas and keratoacanthomas in patients treated with RAF inhibitors (13, 14) . In addition, we recently reported a case in which the emergence of a RAS-mutant leukemia was dependent upon paradoxical ERK activation in the presence of vemurafenib, demonstrating the generality of this effect in a diversity of cell types (42) . In the present article, we extend this phenomenon to include nonneoplastic cells, wild-type T cells that use RAS activation for signaling upon TCR engagement.
In this study, we present evidence that RAF inhibitormediated paradoxical activation enhances T-cell activation and function. We have isolated the direct effects that the RAF inhibitor, BMS908662, has on T-cell activation in vitro and in vivo. BMS908662 (XL281) is an ATP-competitive pan-RAF inhibitor. It is reported to have activity against both mutant and wild-type BRAF as well as CRAF (5) . Consistent with what we would expect based on prior studies of paradoxical activation in tumor cells, this phenomenon is dose dependent; in T cells, doses in the range of 20 pmol/L to 0.2 mmol/L in vitro and 30 to 100 mg/kg in vivo are activating, whereas higher doses are inhibitory. Evidence for paradoxical pathway activation is seen in cultured T-cell lines and in primary human and murine T cells, in cells exposed to drug in vitro and in vivo, and in cells activated in vitro and in vivo via antigen-specific and nonspecific stimuli. Furthermore, the MEK inhibitor, PD325901, which targets the molecule activated downstream of RAF, can block this paradoxical pathway activation in T cells. Finally, this effect is dependent on a T-cell activating stimulus, such as engagement of the TCR that triggers ERK signaling. Koya and colleagues have reported that murine splenocytes treated with vemurafenib in culture express higher levels of pERK after 24 hours, although this experiment did not identify the cell type or types responsible for this observation (40) . Although we have used the RAF inhibitor BMS908662 for these studies, paradoxical activation is a class effect of RAF inhibitors and we have found that PLX4720 has a similar effect on T cells in vitro albeit with a unique dose range (Supplementary Fig. S6 ). This mechanism may help explain some of the positive effects of RAF inhibitors on immune activation that have been reported to date. Additional studies will be necessary to interrogate more closely which T-cell subsets and T-cell functions are most sensitive to RAF and to further explore the similarities and differences between RAF inhibitors with respect to T-cell activation. Notably, a prior study by Comin-Anduix and colleagues evaluating the effect of PLX4032 on cultured T cells did not detect evidence for paradoxical activation (30) . This may reflect differences in T-cell culture or activation conditions, or less likely a difference in the drugs tested (PLX4720 and BMS908662 vs. PLX4032).
Several potentially immunomodulatory effects of RAF inhibitors have been described, including changes in tumor cytokine production, tumor antigen expression/presentation, tumor PD-L1 expression, tumor infiltration by T cells, and changes in T-cell effector function (29, 36-38, 40, 43) . In the present study, we have used BRAF wild-type tumors to more directly isolate the effects that RAF inhibitors have on immune cells that have antitumor activity. Because the tumors themselves are less sensitive to the RAF inhibitor, it is more likely that BMS908662 is acting outside the tumor to enhance activation of the immune system under the conditions we have tested. The robust effect that BMS908662 has in combination with CTLA-4 blockade on antigen-specific T-cell expansion supports the notion that the RAF inhibitor acts via the T cell to enhance the activity of CTLA-4 blockade. An alternative possibility is that BMS908662 is changing the sensitivity of the tumor to immunotherapy without directly altering tumor growth. The present study does not distinguish between these two possible explanations, nor does it account for the relative impact of the direct antitumor effects in BRAF-mutant melanoma compared with the importance of immunomodulatory activities of RAF inhibitors. Additional studies in mice and in humans are needed to better understand the mechanisms that contribute to favorable outcomes with combination therapy, and clearly identify the drugs, doses, and schedules most likely to translate successfully into the clinic.
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